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(57)Abstract: 

PURPOSE: To enhance diffraction efficiency by forming 
a relief layer of no refractive index and a coat layer of 
(n) refractive index flat on the surface with respect the 
wavelength of light incident on the diffraction grating, 
and specifying the refractive indices no and (n). 
CONSTITUTION: The relief layer 2 made of transparant 
resin changed in thickness like a sine wave is formed on 
a transparent flat glass 1, and a coat layer 3 made of 
transparent resin of (n) refractive index is formed on the 
layer 2, with the surface 4 of the layer 3 flattened. The 
diffractive grating thus obtained is raised in diffraction 
efficiency, with its depth kept constant, by setting the 
difference of refractive index between the layers 2, 3. 
The diffraction efficiency can be raised by forming the 
layer 2 of no refractive index and the layer 3 of (n) so as 
to satisfy n>2no-1. 
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Rectangular surface-relief transmission 
gratings with a very large first-order diffraction 
efficiency (—95%) for unpolarized light 

Hendrik J. Gerritsen and Mary Lou Jepsen 

Computer optimization shows that the first-order diffraction efficiency of a lossless- transmission surface- 
relief grating with a rectangular surface profile can be made very large (—95%) simultaneously for light 
of TE and TM polarizations incident near the Bragg angle by the proper choice of the fill factor. The case 
for visible light incident close to the Bragg angle on unslanted gratings with periodicities corresponding 
to Bragg angles of 30°, 37.5°, and 45° is presented. The refractive index of the grating material was 
chosen in the range between 1.2 and 2. © 1998 Optical Society of America 
OCJS codes: 050.1960, 050.1950, 050.7330, 090.1760. 



1. Introduction 

It has been well established in theory (see, for example, 
Ref. 1) and verified by experiment 2 - 4 that rectangular 
surface gratings can have a very large first-order dif- 
fraction efficiency (~95%) when the incident angle of 
the light is at or near the Bragg angle and all orders of 
diffraction are evanescent except the zeroth order and 
one first order. Very little attention has been given to 
date to the effect of polarization, and most research — 
including that reported in Refs. 1—3 — has involved TE 
incident light in which the electrical vector is trans- 
verse to the plane of incidence and thus parallel to the 
grooves of the diffraction grating. 

In many important practical applications of such 
gratings such as spectroscopy, optical difrractive de- 
vices, and in difrractive "dayHghting" (i.e., bringing 
daylight deep into a room), it is important that as 
large an efficiency as possible occurs at a given depth 
for unpolarized light, that is, for both TE and TM 
polarizations simultaneously. In difrractive day- 
lighting a diffraction grating is placed in contact with 
a window; it diffracts a large fraction of the incident 
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light upward toward the ceiling to project light in the 
back of a room. 5 

We discovered in the course of computer simula- 
tions by using a rigorous coupled-wave theory pro- 
gram, developed by Jepson and based on Ref. 1, that 
this goal of high diffraction efficiency for both TE and 
TM is possible and can be attained over a large range 
of important parameters, namely, the refractive in- 
dex and the grating spacing A [with the correspond- 
ing Bragg angle 9 B , where 6 S = arcsin(\/2A)] by the 
proper choice of the fill factor f. The fill factor f is 0 . 5 
for a grating in which the dielectric ridges have the 
same width as the air-filled valleys; this case is also 
referred to as a square grating. In general the fill 
factor is defined as the ratio of the width of the di- 
electric ridge over the grating periodicity A (which is, 
of course, the sum of the width of the dielectric ridge 
and the air valley). 

One rather recent study 6 did consider polarization 
effects on efficiency and demonstrated that, by a 
proper choice of parameters (in that study the param- 
eter was the depth, not the fill factor, which was 
taken as 0.50), gratings with high diffraction effi- 
ciency for TE incident fight and near zero for TM 
incident fight could be obtained. This is the opposite 
of what is of interest here. 

2. Computational Results 

We first consider the case of \ = A = 0.55 |xm and 30° 
incidence, so (only) the first-order diffracted beam 
exits at —30° because of its similarity to the case 
considered in Ref. 1 and also because it is in the range 
of useful parameters for a daylighting structure. 5 

1 September 1998 / Vol. 37, No. 25 / APPLIED OPTICS 5823 
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Grating Depth (/im) 



(b) 

Fig. 1. Diffraction efficiency for first-order diffracted light with 
the following parameters: X = A = 0.55 ^m, Q B = 30°, and n = 

1.58. Curves: the (TE + 1) order transmitted; the 

(TM + 1) order transmitted; the average or unpolarized 

diffracted light, (a) Fill factor of / = 0.50. (b) Fill factor of 
f = 0.56. 



We ignored reflections at the flat exit interface. 
Such reflections can easily be calculated by use of the 
Fresnel equations or, in practice, almost eliminated 
through application of an antirefl ex coating. For the 
calculations, we used the rigorous coupled-wave the- 
ory. 1 

Figure 1(a) shows the depth dependence of the 
diffr active efficiency for f = 0.50 and for n = 
(2.50) 1/2 = 1.58, as was used in Ref. 1. The TE and 
the TM curves are not far apart, and a maximum 

5824 APPLIED OPTICS / Vol. 37 ^ No. 25 / 1 September 1998 



100 




Grating Depth (/im) 

(a) 

100 -i 




Grating Depth (/mi) 

(b) 

Fig. 2. Diffraction efficiency for first-order diffracted light with 
the same parameters as for Fig. 1 except that n = 1.85. Curves: 

the (TE + 1) order transmitted; the (TM + 1) order 

transmitted; the average or unpolarized diffracted light. 

(a) Fill factor of/* = 0.50. (b) Fill factor off = 0.42. 



diffraction efficiency of 91% for unpolarized light 
and a depth of 0.88 jxm results. The maximum 
efficiency for TE polarization is 88% at a depth of 
0.84 u-m, close to the value of 89% at a depth of 
1.55X, corresponding to 0.85 fxm, given in Ref. 1. 
Figure 1(b) shows that, with a fill factor of f = 0.56, 
the TE and the TM maxima coincide, leading to an 
optimum efficiency for unpolarized light of 91% at a 
depth of 0.90 \xm. Calculations show that increas- 
ing the values of the fill factor to greater than 0.56 
results in a shift of both the TE and the TM curves 
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Fig. 3. For \ = A = 0.55 p.m and 8 B = 30°: (a) 
Matching fill factor f mt for which the maxima of the 
diffraction efficiencies for TE and TM light occur at 
the same depth d ml as a function of the refractive 
index, (b) Depth d m as a function of the refractive 
index, (c) First-order diffraction efficiencies as a 
function of the refractive index n. 



to larger depth values. However, the TE curve 
[which was to the left of the TM curve in Fig. 1(a) for 
a value of f = 0.50] shifts more rapidly, so for f 
values greater than 0.56 it moves to the right of the 



TM curve, resulting in a drop of the unpolarized 
efficiency. 

We show in Fig. 2(a) the same depth dependence as 
in Fig. 1(a) except that the refractive index is 1.85 

1 September 1998 / Vol. 37, No. 25 / APPLIED OPTICS 5825 
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Fig. 4. For three grating spacings (\ = 0.55 \un) of A 
= 0.55 p.m (6 B = 30°), A = 0.4517 \x.m (d B = 37.5°), and 
A = 0.3889 u-ra (6 B = 45°): (a) Matching fill factor f m 
for which the maxima of the diffraction efficiency for 
TE and TM light occur at the same depth as a function 
of the refractive index, (b) Depth d m as a function of 
refractive index, (c) First-order diffraction efficiencies 
as a function of the refractive index n for un polarized 
light. 




1.50 1.70 

Refractive Index n 

(c) 
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too 




Grating Depth (//m) 
(a) 



100 




Grating Depth (//m) 

(b) 

Fig. 5. (a) First-order diffraction efficiencies for a grating with X 
= 0.55 p.m, A = 0.3889 p.m, 9 B = 45°, n = 1.50, and/*= 0.50. (b) 
First-order diffraction efficiencies for a grating with X — 0.55 jim, 
A = 0.3889 Jim, Q B = 45°, n = 1.50, and f = 0.80. 



rather than 1.58. Now, to obtain the optimal diffrac- 
tion efficiency for unpolarized light, one must reduce 
f to f = 0.42, where the two curves peak simulta- 
neously at a depth of 0.55 jxm and the unpolarized 
diffraction efficiency (the average of the TE and TM 
efficiency) is 81%, as shown in Fig. 2(b). We desig- 
nate this optimal fill factor by f m and the correspond- 
ing optimal depth by d m . 

We show in Fig. 3(a) how the optimal fill factor f m 
varies with the refractive index n for a range of typ- 
ical refractive indices of transparent solids. Figure 
3(b) shows, for the same range of refractive-index 



100 




Fig. 6. Angular dependence of the efficiency of the first-order 
diffracted light of a wavelength of \ = 0.55 p. m for a grating with 
a periodicity of A = 0.55 p-m, a refractive index of n — 1.50, a fill 
factor of f — 0.60, and a depth of d m =1.16 jxm. Curves: Dotted 
curve, the (TE + 1) order; dashed curve, the (TM + 1) order; and 
solid curve, the average diffracted efficiency. 



values, the grating depths d m for optimal efficiency 
that correspond to the optimal fill factor f mi and Fig. 
3(c) shows the corresponding diffractive efficiency for 
the TE and the TM polarizations (right-hand side). 
One can see that, for a square grating with a refrac- 
tive index of 1.65, as is typical for photoresist, a 90% 
efficiency is calculated for unpolarized light, which 
close to earlier reported measurements. 4 

For a refractive index of 1.4 near that of fused 
silica, an efficiency of 98% for unpolarized light is 
calculated for a fill factor of 0.65. A square grating 
of this material would have a 93% efficiency for un- 
polarized light, which is close to a recently reported 
value of 90% (Ref. 7) for such a grating. 

The refractive-index range and individual values 
chosen reflect values typical for glass and plastics. 8 
For glass the practical range starts at n = 1.46 with 
fused quartz. (The refractive-index values quoted 
are for the yellow sodium D fine). Lower values, 
such as 1.40 for fluorite glass and values from 1.4 to 
1.0 for silica aerogels, can be obtained. The upper 
values of the range are n = 1.98 for phosphate flint 
and n = 1.96 for dense lanthanum flint. The value 
of n = 1.58 used in this paper corresponds to common 
light barium flint glass, and the value of n = 1.85 
corresponds to medium-dense lanthanum flint glass. 

The range for optical plastics is more restricted and 
typically runs from n = 1.49 for poly(methyl methac- 
rylate) (plexiglass) and glass resin up to n = 1.68 for 
poly(vinylnapthalene). The value of n = 1.58 corre- 
sponds to polycarbonate, whereas another common 
plastic, polystyrene, has a refractive index of n = 1.59. 

We now consider how these results change for grat- 
ings with a periodicity different from 0.55 ju,m and 

1 September 1998 / Vol. 37, No. 25 / APPLIED OPTICS 5827 
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thus a different Bragg angle of incidence. This is a 
multidimensional problem because the efficiency of 
the grating for TE or TM polarized light at a given 
wavelength, here mostly taken as 0.55 p,m, depends 
on the following variables: grating depth, refractive 
index, periodicity, angle of incidence, and fill factor. 

Because we are concerned here with high efficiency 
and thus Bragg diffraction on an unslanted grating, 
we have between the angle of incidence and the pe- 
riodicity the relation 2 sin 0.A = X, so we can replace 
the two variables periodicity A and angle of incidence 
0 with one. Similarly we can find for a certain peri- 
odicity and refractive index those values for the grat- 
ing depth and the fill factor that simultaneously 
optimize the efficiency for TE and TM polarized light. 
Having done this leaves us with a more manageable 
set of variables, so we can now plot the unpolarized 
efficiency as a function of the Bragg angle for various 
refractive indices, with the depth and the fill factor 
taking values that optimize them. This procedure 
was done on a computer for additional Bragg angles 
of 37.5° and 45°, and the results are shown in Figs. 
4(a)- 4(c), which show two new angles plotted to- 
gether with the date for 30°. Some interesting con- 
clusions can be drawn from Fig. 4 when the data are 
applied to the case of day lighting, in which typically 
a combination of gratings varying in Bragg angle 
between 30° and 45° is used so that spectral mixing is 
obtained, i.e., whitish light is diffracted onto the ceil- 
ing. 5 On the basis of Figs. 4(a) and 4(c), one would 
chose a grating material with a refractive index be- 
tween 1.5 and 1.6. The efficiencies in that case are 
in the 90% to 95% range, and the fill factors must be 
in the range of 0.55 to 0.82. For smaller refractive- 
index values the efficiency still increases a little, but 
the fill factor for the finest grating begins to approach 
unity, leading to difficulties in producing and main- 
taining such gratings. For larger refractive-index 
values, on the other hand, the main disadvantage is 
that the efficiencies drop down into the 80% to 90% 
range. Also worth mentioning is that, for the coars- 
est grating considered with a periodicity of 0.5 n-m, 
very high diffraction efficiencies for unpolarized light 
are obtained with square gratings in the range of 
refractive indices for common optical materials, i.e., 
from 1.5 to 1.7. Figures 5(a) and 5(b) show that a 
square grating is not a good choice for a grating hav- 
ing a periodicity of 0.3889 u.m (6 B = 45°) and a re- 
fractive index of 1.5, which is iUuminated with 
unpolarized light. 

Because one important application of these grat- 
ings is for diffractive daylighting, it is thus of signif- 
icance to know the efficiency not only for a 
wavelength of 0.55 |xm, the middle of the visible spec- 
trum, but also for the red and the violet wavelength. 
Also, it is important, in particular, to know the vari- 
ation of the efficiency with a changing angle of inci- 
dence. In this respect the broad and not the sharply 
peaked response of such relief gratings compares fa- 
vorably with the narrow-band response typical of vol- 
ume gratings. 

Figures 6, 7, and 8 are chosen as typical examples 
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Fig. 7. Angular dependence of the efficiency of the first-order dif- 
fracted light of a wavelength of X = 0.65 jim on a grating with 
periodicity A = 0.55 jim, refractive index n = 1.50, a fill factor of 
f = 0.60, and a depth of d m = 1.16 jim. Curves: Dotted curve, 
the (TE + 1) order; dashed curve, the (TM + 1) order; solid curve, 
the average diffracted efficiency; and curve with black circles, the 
average transmitted efficiency. 



in which, for a grating with a refractive index of n = 
1.50, a fill factor off = 0.60, a period of A = 0.55 jxm, 
and a depth of d m = 1.16 jxm, the unpolarized effi- 
ciency is plotted against the incident angle for green, 
red, and violet light. One can note that high effi- 
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Fig. 8. Angular dependence of the efficiency of the first-order 
diffracted light of a wavelength of \ = 0.45 jim on a grating with 
a periodicity of A = 0.55 ^.m, a refractive index of n = 1.50, a fill 
factor off - 0.60, and a depth of d m = 1.16 ^m. Curves: Dotted 
curve, the (TE + 1) order; dashed curve, the (TM + 1) order; solid 
curve, the average first-order diffracted efficiency; and curve with 
black triangles, the second-order diffraction efficiency. 
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ciencies for unpolarized light occur over a broad 
range of incident angles. For red light with \ = 
0.65 p,m, most of the light that is not diffracted goes 
straight through in the zeroth order. For violet light 
this is not quite so, and near the peak diffraction at 
25° with a 78% efficiency for the first order, the zeroth 
order receives approximately 7% of the light. Cal- 
culations show that now a + 2 order propagates and 
carries approximately 14% of the light energy. The 
corresponding curve is shown in the Fig. 8. For day- 
lighting applications this means that 90% of the vio- 
let light will be diffracted upward to the ceiling at a 
Bragg angle of 25°. It also shows that, for wave- 
lengths shorter than the one for which at the Bragg 
angle all other diffracted orders except the + 1 order 
are just not propagating, attention must be paid to 
other diffraction orders that can now propagate. 

3. Conclusion 

We have shown that it is possible to optimize the 
diffraction efficiency for TE and TM polarized light of 
a wavelength of 0.55 jjim incident on an unslanted 
transmission grating with a rectangular profile and 
periods between 0.55 and 0.3889 jxm, so they peak at 
the same value of grating depth d m . To do this, one 
must choose the correct fill factor /*, depending on the 
refractive index n of the grating dielectric and the 
period A. 

It has been shown that the best refractive-index 
value is in the range between 1.5 and 1.6, which is 
typical for glasses and common plastics. The corre- 
sponding fill factors are then in the range between 
0.55 and 0.82. The efficiency for unpolarized light is 
then in the 90% to 95% range. 

It will be an interesting challenge to construct grat- 



ings with the proper f m value. Extensions of photo- 
lithography and ion-beam-etching techniques or 
diamond-etching grating-ruling techniques suggest 
themselves. 

The authors thank Drew Pommet of the University 
of Massachusetts, Lowell, Mass., for his willingness 
to verify our early results on his computer. We also 
thank the Microdisplay Corporation for paying the 
publication cost. 
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